INTRODUCTION
Mechanotransduction is the process that allows living organisms to perceive mechanical forces and to respond to their physical environment. Although the most familiar example of mechanotransduction is the sense of touch, the detection of deformation or tension is essential to a wide range of physiological mechanisms, including the senses of hearing and balance, and the control of muscle contraction, joint rotation, cardiovascular and gastro-intestinal functions, and many others.
Somatosensation in mammals is performed by primary afferent neurons, whose cell bodies are located in trigeminal and dorsal root ganglia (DRG), and that project axons to the skin and to deeper body tissues (Belmonte and Viana, 2008; Delmas et al., 2011; Lumpkin and Caterina, 2007) . The best known mechanoreceptors in mammals are located in the skin. Cutaneous receptors detect a wide variety of mechanical stimuli including light brush of the skin, texture, vibration, touch and noxious pressure. This variety of stimuli is matched by a diverse array of specialized or encapsulated receptors that respond to cutaneous motion and deformation in a specific manner. Some of the cutaneous fiber endings are classified as low-threshold mechanoreceptors (LTMRs) because they respond preferentially to innocuous mechanical forces; others are considered as highthreshold mechanoreceptors (HTMRs) because they are excited only by injurious mechanical forces. Main LTMRs receptors in mammals include hair follicles, Merkel cell-neurite complex, Meissner corpuscles, Pacinian corpuscles, Ruffini receptors, and a subset of C-fiber nerve endings (Haeberle and Lumpkin, 2008; Iggo and Andres, 1982) . High threshold receptors are composed of mechanonociceptors excited only by noxious mechanical stimuli and polymodal nociceptors that also responded to noxious heat, exogenous chemicals, and inflammatory mediators (Perl, 1996) .
Recent evidence indicates that an important determinant of mechanoreceptor functional diversity resides in the mechanoelectrical properties of transducer channels. For example, several mechanosensitive (MS), essentially nonselective cation channels, have been described in rodent sensory neurons Drew et al., 2002; Hao and Delmas, 2010; Hu and Lewin, 2006; McCarter and Levine, 2006; McCarter et al., 1999) . These MS currents are classified as rapidly, intermediately, and slowly/ultraslowly adapting currents, according to their rates of adaptation to sustained mechanical stimuli (Drew et al., 2002; Hao and Delmas, 2010) . Although the molecular basis underlying this functional diversity remains uncertain, Piezo-2 was recently identified as a potential candidate for the rapidly adapting MS cation current (Coste et al., 2010 (Coste et al., , 2012 , whereas TRPA1 may contribute to slowly/ultraslowly adapting MS current(s) (Kerstein et al., 2009; Vilceanu and Stucky, 2010) . The particular properties of MS cation currents enable sensory neurons to achieve efficient stimulus representation and discrimination (Hao and Delmas, 2010) . Rapidly adapting MS cation currents act as velocity detectors and are best suited to mediate the phasic discharges of LTMRs associated with (E) Dot-plot histogram showing E rev of total MS currents determined using CsCl or KCl pipette solutions. E rev averaged 0.3 ± 1.4 mV (n = 18) and À44.3 ± 4 mV (n = 45) with CsCl and KCl pipette solutions, respectively.
(legend continued on next page)
innocuous touch (Chalfie, 2009; Delmas et al., 2011) . In contrast, MS currents with slow adaptation remain active after a gradual change in applied force, and therefore are capable of carrying sustained signals, a typical attribute of HTMRs Delmas et al., 2011) . A key challenge in mammalian mechanosensation is to establish the mechanisms that contribute to the specific mechanical threshold sensitivities of mechanoreceptors. Accordingly, in the present work, we explored the molecular determinants of threshold differences among functionally distinct mammalian mechanoreceptors. We hypothesized that threshold differences in mechanical perception may be determined by the relative expression of mechanotransducer channels having contrasting effects on neuronal excitability. We identified a mechanosensitive K + current (I Kmech ) that regulates the threshold range of mechanical sensitivity and temporal responses of fibers associated with mechanical perception.
RESULTS

Identification of a Mechanosensitive K + Current in Sensory Neurons
MS currents recorded in C57BL/6 mouse DRG neurons had reversal potential (E rev ) near 0 mV using CsCl-based pipette solution, as expected for nonselective cation currents ( Figures 1A,  1C , and 1E), in agreement with previous studies (McCarter and Levine, 2006; Delmas et al., 2011) . However, substituting internal CsCl for KCl (n = 45) or K-methanesulfonate (n = 22, not shown) revealed MS currents with E rev ranging from À80 to +5 mV ( Figures 1B, 1D , and 1E). These results indicate that a variable component of the total MS current had a preference for K + ions. To test for the presence of a MS conductance selective for K + ions, extracellular NaCl was iso-osmotically replaced by KCl ( Figure 1F ). Such substitution would not affect currents flowing through nonselective cation channels, which are equally permeant to K + and Na + ions (McCarter and Levine, 2006; Coste et al., 2010) . Total MS currents recorded in high [K + ] o had E rev at À1 ± 0.5 mV (n = 9) ( Figure 1F ). Moreover amiloride, a nonspecific blocker of MS cation currents in DRG neurons McCarter and Levine, 2006) , brought E rev of total MS currents to values approaching theoretical E K (À79 ± 1.5 mV, n = 22) ( Figure 1G ). The broad spectrum K + channel blockers 4-AP (3 mM, n = 17) (Figure S1A available online) and TEA (10 mM, n = 12) ( Figure S1B ) shifted E rev of total MS currents to values close to $0 mV. Dose-inhibition relationships for 4-AP and TEA constructed in the presence of amiloride (2 mM) to isolate the MS K + current returned IC 50 values of 0.99 ± 0.1 and 3.6 ± 0.2 mM, respectively ( Figure S1C ). Note that Gd 3+ , a nonspecific blocker of MS cation currents, also inhibited the MS K + current (Figures S1D and S1E), ruling out the use of this compound to isolate the K + current component. Collectively, these results indicate that C57BL/6 mouse DRG neurons express an as yet undescribed MS K + current, which we will refer hereafter as I Kmech . This MS K + current was detected preferentially in small and large diameter DRG cells ( Figure S1F ) and was potentiated under hypoosmotic conditions and suppressed by hypertonic solutions ( Figure S2 ).
I Kmech Is Regulated by Membrane Potential
Current-stimulus relationship for isolated I Kmech recorded in the presence of amiloride (2 mM) was determined by applying a series of incrementing mechanical stimuli ( Figure 1H ). I Kmech activated gradually with increasing mechanical stimuli and displayed half-maximum activation (Stim 50 ) of 4.32 ± 0.27 mm (n = 12). A comparison of I Kmech recorded under ''steady-state'' conditions at Vh ranging from À100 to 0 mV showed that I Kmech displayed voltage-dependence ( Figure 1I ). I Kmech had an apparent threshold for activation at about À80 mV and reached maximum activation at potentials RÀ40 mV. Boltzmann fit to G(V) data points returned V 1/2 for I Kmech of À60.7 ± 1.3 mV (n = 10) ( Figure 1I ). Moreover, sampling I Kmech at different time points after stepping to À30 mV showed that I Kmech displayed slow inactivation with a mean time constant of 8.2 ± 1.3 s (n = 6) ( Figure S3 ).
I Kmech Is Not Mediated by K 2P -, KCNQ-, EAG-, or Ca 2+ -Dependent K + Channels
To test whether stretch-sensitive K 2P channels (Honoré , 2007; Noë l et al., 2011) contribute to I Kmech , we recorded DRG neurons from TREK-1 À/À mice and TREK-1/TREK-2/TRAAK triple KO mice ( Figure 2A ). Neither the percentage of cells expressing I Kmech nor I Kmech density was found to be significantly different compared to neurons from C57BL/6 congenic strain ( Figure 2B ). I Kmech could also be recorded from TASK1/TASK3 double KO DRG neurons and was not affected by 2 mM anandamide or 2 mM lidocaine in wild-type DRG neurons, indicating that neither TASK1-3 nor TRESK contributed to I Kmech . Ca
2+
-dependent BK channels have been shown to be mechanosensitive in embryo ventricular myocytes (Kawakubo et al., 1999 (G) Histogram showing mean inhibition ± SEM of 4-AP-sensitive I Kmech induced by the drugs or the recording conditions: 2 mM anandamide (n = 6), 2 mM lidocaine (n = 6), zero [Ca 2+ ] o (n = 6), 10 nM charybdotoxin (n = 6), 50 nM apamin (n = 6), 2 mM barium (n = 7), 50 mM linopirdine (n = 6), and 2 mM cesium (n = 5).
Value for the fraction of current blocked at À30 mV was estimated from 4-AP block. All recordings made using KCl-based pipette solution. In this figure, amiloride (2 mM) was present, ensuring MS cation currents did not confound mechanical responses. K + channels (Kv11), KCNQ channels (Kv7), Kir channels (KCNJ), and HCN channels had no effect on I Kmech (Figures 2E-2G ).
I Kmech Displays Pharmacological Profile of Kv1.1 Oligomers To progress toward identifying I Kmech channels, we performed an in-depth pharmacological profiling using a variety of toxins targeting voltage-dependent K + channels. Delayed-rectifier K + channels are diverse with Kv1 (Kv1.1-7), Kv2 (Kv2.1-2), and Kv3 (Kv3.1-4) representing the major subfamilies (Gutman et al., 2003) . Criteria useful in eliminating Kv4 subtypes is that they form fast, transient (A-type) K + currents (Bä hring et al., 2001) , which would be inactivated under our voltage clamp conditions (i.e., maintained holding potential). Kv3 channels have an extraordinary high sensitivity to the classical blockers TEA (IC 50 of $200 mM) and 4-AP (IC 50 from 20 to 600 mM), ruling out these channels as plausible candidates for I Kmech . Kv2 subfamily channels are activated at low voltage thresholds and show little inactivation (Coetzee et al., 1999) . However stromatoxin, which selectively blocks Kv2 subfamily channels (Escoubas et al., 2002) , had no effects on I Kmech at concentrations (100 nM) well above its IC 50 for Kv2 channels ( Figures 3A and 3B) .
Dendrotoxins (DTxs), a family of 7 kDa homologous polypeptides isolated from black and green mamba snakes, are selective and effective blockers (low nM range) of Kv1 subfamily channels (Harvey, 2001) . Alpha-Dendrotoxin (a-DTx), which is selective of Kv1-containing oligomers composed of Kv1.1, Kv1.2, or Kv1.6 subunits, abolished I Kmech in all cells tested (n = 31) (Figures 3A and 3B) . To probe the contribution of Kv1.1 to I Kmech, we used k-Dendrotoxin (k-DTx, 50 nM), a selective blocker of homomeric and heteromeric Kv1.1 channels (Hatton et al., 2001; Hopkins, 1998) . k-DTx suppressed I Kmech in all cells tested (n = 18) (Figures 3A and 3B) . Consistently Kaliotoxin (KTx), another useful tool for Kv1.1 channel subunits (IC 50 $40 nM) (Grissmer et al., 1994) , also suppressed I Kmech when used at 100 nM (Figures 3A and 3B) .
To test the contribution of Kv1.2 subunits, we used the Kv1.2 blockers Aam-Kaliotoxin (Aam-KTx, 100 nM) and kM-RIII Conotoxin (kM-RIIIK, 2 mM, not shown) (Abbas et al., 2008; Ferber et al., 2004) as well as Charybdotoxin (CTx, 100 nM), which besides Ca 2+ -dependent K + channels is also known to inhibit Kv1.2 (Coetzee et al., 1999; Grissmer et al., 1994) . These toxins inhibited I Kmech by only 20%-25% (Figures 3A and 3B) ruling out a contribution of homomeric Kv1.2 channels, but raising the possibility that Kv1.2 coassembles with Kv1.1 to form I Kmech channels. Neither the conopeptide Y-P1 (500 nM), a selective Kv1.6 blocker (Imperial et al., 2008) , nor KTX (at 10 nM), a selective inhibitor of Kv1.3, had significant effects on I Kmech (Figures 3A and 3B and data not shown).
The pharmacological profile of I Kmech as defined by toxin assays resembles that of Kv1.1 ( Figure 3B ). However due to the diverse experimental conditions used in the literature, we characterized mouse (m) Kv1.1, Kv1.2, and Kv1.6 channels for targeting by toxins in HEK cells ( Figure 3C ). We found that the toxin pharmacological profile of recombinant mKv1.1 but not mKv1.2 or mKv1.6 was identical to that of I Kmech ( Figure 3C ).
These data are consistent with I Kmech channels being mediated by Kv1.1 homomers and/or Kv1.1-Kv1.2 heteromers. Consistently, coimmunoprecipitation experiments with a specific anti-mKv1.1 antibody showed that Kv1.2 interacts with Kv1.1 in C57BL/6 mouse DRGs ( Figure S4A ). In addition, immunohistochemical experiments revealed an almost perfect colocalization ($97%) of Kv1.2 with Kv1.1 immunoreactivity in mouse DRG neurons (n = 242/250) ( Figures S4B-S4D ), in agreement with previous data (Rasband et al., 2001) . By contrast, Kv1.6 showed a lesser amount of colocalization with Kv1.1 ( Figure S4D ). We confirmed that Kv1.1, Kv1.2, and Kv1.6 antibodies used in IP/IH experiments do not cross-react in immunocytochemistry ( Figure S5 ) and western blot (not shown) assays. Figure 3D ). Kv1.1 À/À neurons showed no MS K + current sensitive to 50 nM k-DTx as expected from the absence of Kv1.1 subunits ( Figure 3E ). However, a small MS K + current (2.9 pA/pF at À30 mV) was detected in Kv1.1 À/À neurons, which was blocked by a-DTx ( Figures 3E and 3F ). Because k-DTx fully blocked I Kmech in WT neurons (cf. Figure 3F ), the above data suggest that Kv1.2 and/or Kv1.6, which are both susceptible to a-DTx, took over Kv1.1 subunits in Kv1.1
This is consistent with the observation that Kv1.2 and Kv1.6 may occur together to form a functional K + channel in auditory neurons from Kv1.1 À/À mice (Brew et al., 2003) .
We next used mceph/mceph (mceph +/+ ) mice that carry an 11 base pair deletion in Kcna1, the gene encoding Kv1.1 (Petersson et al., 2003) . mceph deletion causes a frame shift and a premature termination codon, leading to Kv1.1 truncation at amino acid 230 (out of 495). Truncated Kv1.1 lacks the pore domain but retains the cytosolic N-terminal and the first TM segment necessary for interaction with other Shaker-like subunits (Babila et al., 1994; Schulteis et al., 1998) and thereby acts as a dominant negative (Persson et al., 2005; Petersson et al., 2003) . Out of 27 mceph +/+ DRG neurons recorded, none exhibited I Kmech , whereas recordings from wild-type (BALB/cByJ genetic strain) DRG neurons revealed normal I Kmech amplitude (7.5 pA/pF at À30 mV), occurrence (52%), and pharmacology (full block by 50 nM k-DTx) ( Figures 3G-3I ). Consistent with a dominant-negative effect, only 32% (n = 29/90) of mceph +/À DRG neurons displayed I Kmech , which had an amplitude reduced by 79.3% ( Figures 3G-3I ). Collectively, these data confirm that I Kmech is mediated by Kv1.1 oligomers. Figure 5A ). Activation curves of k-DTxsensitive K + currents with and without mechanical stimulation are illustrated in Figure 5B . As mechanical force is applied the activation curve changed in two respects: the half-activation voltage (V 1/2 ) shifts to more negative values and the maximum amplitude increases. V 1/2 of mechanically-stimulated k-DTxsensitive K + current was À55 ± 1.1 compared to À48 ± 1.2 mV (p < 0.05) in nonstimulated DRG neurons ( Figure 5B ). This leftward shift in k-DTx-sensitive K + current is directly responsible for the appearance of I Kmech ( Figure 5B, right) .
To test whether mechanical facilitation of k-DTx-sensitive K + current resulted from an increase in single channel conductance and/or channel open probability, mKv1.1 channels in HEK cells were studied using high speed pressure clamp in the cellattached patch mode. Application of a suction of À30 mm Hg to the back of the pipette did not affect unitary conductance of Kv1.1 channels ($11 pS, n = 6) ( Figure 5C ). However, the same suction caused a significant increase in Po at all membrane potentials tested. Analysis of multiple patches containing a single Kv1.1 channel showed that V 1/2 Po(V) relationship shifted from À47 ± 0.5 with 0 mm Hg to À50 ± 0.8 and À51 ± 0.8 mV when suction of À30 and À50 mm Hg was applied, respectively (p < 0.05) ( Figure 5D ). Shift in V 1/2 Po was half maximal for a suction of À19 mm Hg and saturated for suction R À50 mm Hg (n = 12) ( Figure 5D ).
Mechanical sensitivity of Kv1.1-containing channels was also demonstrated using cell-attached patch recording from mouse (C57BL/6) DRG neurons ( Figure 5E ). Mild suction of À30 mm Hg and À50 mm Hg caused a marked increase in Po of putative Kv1.1-containing channels (n = 6). Interestingly, Kv1.1-containing channels retained mechanosusceptibility in the outside-out configuration (n = 4) ( Figure 5F ). We confirmed that the recorded Kv1.1 channels in the outside-out mode were blocked by 50 nM k-DTx (n = 4/4) ( Figure 5F ).
I Kmech Coexpression with Mechanically Activated Cation
Currents DRG neurons were classified as nociceptive and nonnociceptive cells based on the presence of the TTX-resistant Nav1.8 current Drew et al., 2002) . I Kmech was found in cells having nociceptive (n = 99/236, 42%) and nonnociceptive (n = 137/236, 58%) phenotypes ( Figure S6A ). I Kmech -expressing cells were then subdivided with respect to the adaptation properties of MS cation currents (Hao and Delmas, 2010) . To this purpose, MS currents were characterized at Vh of À100 mV Neuron Kv1.1 in Mechanosensation Figures S6B and S6C ).
Differential Distribution of Kv1.1/I Kmech in Specific Subsets of Sensory Neurons Kv1.1 immunoreactivity was detected in $40% of small diameter peripherin-positive neurons (n = 94/235) and in $30% of large diameter NF200-positive neurons (n = 59/197) ( Figures S7A  and S7B ). Interestingly, TRPV1 immunoreactivity was not observed in Kv1.1-expressing cells (n = 0/58; Figure S7C ), consistent with the observation that I Kmech -expressing nociceptive cells were not responsive to capsaicin (1 mM) (n = 17/17, not shown) and that K + currents in capsaicin-sensitive DRG neurons are insensitive to k-DTx (n = 16/16) ( Figure S7D ). In addition, small diameter Kv1.1-positive neurons did not express tyrosine hydroxylase (n = 0/67), a marker for C-low threshold mechanoreceptors (C-LTMRs) in adult DRGs (Seal et al., 2009; Li et al., 2011) (Figure S7E ). This was confirmed using whole-cell recordings with neurobiotin on randomly selected small DRG neurons (n = 47) and labeled with antineurobiotin and antityrosine hydroxylase (TH) antibodies (Li et al., 2011) . None of the 11 TH-positive recorded neurons had shown I Kmech ( Figure S7F ), in agreement with the lack of k-DTx-sensitive component of K + current in TH + cells ( Figure S7G ). We confirmed that Kv1.1-positive C-fibers are seen in both the glabrous and hairy skin of the paw ( Figures S7H and S7I ).
I Kmech Regulates Mechanical Threshold for Firing in Putative Mechanonociceptors
We examined the functional impact of I Kmech on the mechanical response of mechanonociceptive neurons ( Figure 6 ). Whether I Kmech balances the activity of ultraslowly adapting cation current (I uS ) was tested by comparing mechanical responses in cells that exhibited small ( Figure 6A ) versus large ( Figure 6B ) I Kmech . Large I Kmech produced three drastic changes in the mechanical response properties of mechanonociceptors. The first one was a shift toward higher pressure intensities of the mechanical threshold for firing. The second one was a marked decrease in the number of APs fired during the sustained phase of the stimulus; and the third one was a reduction in firing duration. Because of variability from cell-to-cell, we quantified the impact of I Kmech by computing the number of APs as a function of mechanical stimulus intensity in mechanonociceptors having different I Kmech /I uS ratios ( Figure 6D ). Analysis of the mechanical stimulus-response relationship indicated that the size of I Kmech respective to I uS regulates the mechanical threshold for firing as well as the gain of the stimulus-response relationship. This conclusion is corroborated by the observation that k-DTx reduced mechanical threshold for firing and increased the maximum mechanical response in mechanonociceptors (Figures 6C and 6E ).
I Kmech Regulates AP Frequency but Not Mechanical Threshold in Large Diameter Mechanoreceptors
We focused on large diameter mechanoreceptors equipped with the rapidly adapting MS cation current (I R ) and I Kmech (Figure 7 ). Because I R activates more rapidly than I Kmech , net MS current recorded at À30 mV had a biphasic shape, with a rapid inward current component at the onset, followed by a late outward current component ( Figure 7A ). The amplitude of these two components deviate little from the Nernst equation for ''pure'' K + and nonselective cation conductances, indicating little overlap of I R and I Kmech activation kinetics ( Figure 7B ). One prediction from this would be that mechanical threshold in large diameter mechanoreceptors is little affected by the activation of I Kmech . We tested this by recording in current clamp mode from large diameter mechanoreceptors exhibiting narrow APs and prominent I R and I Kmech . Using a series of mechanical steps, we found that there was no tendency for higher mechanical threshold for firing under blockade of I Kmech by k-DTx ( Figure 7E ). However, k-DTx significantly prolonged the decay time constant of subthreshold mechanical depolarization ( Figure 7F ) and increased the number of APs fired in response to suprathreshold mechanical stimuli ( Figures 7D and 7G ). These data indicate that I Kmech has specific functions in Ab-like mechanoreceptors, regulating the frequency of AP generation but not mechanical threshold for firing.
Kv1.1/I Kmech Controls Mechanical Threshold of C-HTMRs and Frequency Firing of Ab Mechanoreceptors
The sensitivity to mechanical stimulation of skin C-HTMRs was examined using the isolated skin-saphenous nerve preparation (Noë l et al., 2009; Reeh, 1986) . Single APs from slowly conducting velocity fibers were recorded and their receptive fields in the hairy skin were probed for mechanical sensitivity. C-HTMRs were identified as showing high mechanical threshold, insensitivity to heat and low conduction velocity. Exposure of the receptive field of C-HTMRs to k-DTx significantly reduced mechanical threshold and increased firing response ( Figures 8A and 8B ). von Frey hair thresholds shifted from a mean value of 34.8 ± 5 to 10.1 ± 1.5 mN (p < 0.01; n = 13) ( Figure 8B ), although no changes in the rheobase was detected (data not shown). k-DTx did not cause spontaneous discharges in C-HTMRs in the absence of mechanical stimulation, indicating little contribution of Kv1.1 channels to receptor resting potential. Consistent with the lack 
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Kv1.1 in Mechanosensation of Kv1.1 in C-LTMRs, no changes in mechanical threshold or firing activity was seen in these fibers in the presence of k-DTx (n = 7) ( Figure 8C ). In addition, mechanoheat C-fibers responding to capsaicin showed no alteration in mechanical threshold by k-DTx (n = 6) ( Figure 8D ). Inhibition of I Kmech in low-threshold rapidly-adapting Ab-fiber mechanoreceptors (Ab-RAMs) with kDTx (50 nM) applied on the receptive field did not trigger spontaneous activity (n = 12) nor change significantly mechanical von Frey thresholds ( Figures  8E and 8F) . We carried an analysis of the dynamic properties of Ab-RAMs by using ramp-and-hold indentation stimuli at a velocity of 1,000 mm/s. Ab-RAMs code the velocity of the ramp movement and fire during the ramp segment of the mechanical stimulus. kDTx increased firing of the On and Off phasic responses to ramp-and-hold mechanical stimuli in 78% of Ab-RAMs tested (n = 9) ( Figure 8E ). The mean number of spikes per stimulus in the On discharge increased 2-fold with inhibition of I Kmech (p < 0.05) ( Figure 8G ). Collectively, these data indicate that I Kmech tunes mechanical threshold in C-HTMRs but not in C-LTMRs and regulates the firing frequency during the movement response of low-threshold Ab-RAMs.
Inhibition of Kv1.1 Causes Mechanical Allodynia but Not Heat Hyperalgesia
We compared the responses of Kv1.1 À/À and heterozygous mceph mice to mechanical stimuli. As expected from partial compensatory mechanisms described above, mechanical threshold was not statistically different in Kv1.1 À/À mice compared to wild-type mice (Figure 8H) . Postnatal complex seizures and pathological brain overgrowth seen in mceph +/+ mice preclude using them in behavioral studies (Persson et al., 2005; Petersson et al., 2003) . However, we made use of heterozygous mceph mice that showed mild phenotype. mceph +/À mice showed severe mechanical allodynia ( Figure 8H ).
They were more sensitive to von Frey filament stimulation than wild-type mice, with average withdrawal threshold decreasing from 0.46 ± 0.07 to 0.11 ± 0.02 g (n = 12, p < 0.01). However, mceph +/À mice had no significant alteration in withdrawal responses to thermal stimulation using the immersion paw test (46 C, n = 10) or the hot plate test (54 C; n = 10) ( Figure S8A ). We then explored the consequence of using k-DTx on pain behavior in mice. Intraplantar injection (i.pl.) of 20 ml of 50 nM k-DTx did not induce spontaneous nocifensive behaviors (n = 12/12). We examined the changes in sensitivity to mechanical stimulation of the k-DTx-injected site using the von Frey test. The paw withdrawal mechanical threshold was dramatically decreased in k-DTx-injected mice compared with salineinjected mice ( Figure 8I ). As expected from the specific action Neuron Kv1.1 in Mechanosensation of k-DTx on Kv1.1 oligomers, k-DTx-mediated mechanical allodynia was lacking in Kv1.1 À/À mice ( Figure 8J ). By contrast, k-DTx-injected WT mice were not hypersensitive to thermal pain. k-DTx-injected mice did not display faster reaction time to withdraw their paw from hot temperature bath of 42 C, 46 C, and 50 C compared with saline-injected mice (n = 8-12) ( Figure S8B ). At higher temperatures in the hot plate test (54 C), there were also no differences in the paw licking latencies between the two groups (n = 12) ( Figure S8C ). All these results taken together indicate that Kv1.1/I Kmech is important for the perception of mechanical stimuli but not noxious heat.
DISCUSSION
By balancing the activity of MS excitatory channels, our study has revealed an unexpected function of the Kv1.1 subunit as a mechanosensitive brake. Our results demonstrate the central function of Kv1.1 channels in mechanical perception and offer physiological relevance to the mechanosusceptibility of voltage-dependent Kv1.1 channels.
A Mechanosensitive K + Current
Evidence was found for a previously undescribed mechanosensitive K + conductance, dubbed I Kmech . Although earlier studies have shown that TREK-1 and TRAAK modulate mechanical perception in mammals (Alloui et al., 2006; Noë l et al., 2009 ), our data demonstrate that neither TREK, TRAAK, nor TASK channels contribute to I Kmech in sensory neurons. That Kv1.1 subunits contribute to I Kmech was ascertained by k-DTx blockade and recordings from mceph +/+ DRG neurons in which I Kmech was abrogated. However, because the majority of mammalian shaker-related channels occur in neurons as tetrameric combinations of different a-subunits (Wang et al., 1999) , with potentially hybrid pharmacology, question remains as to the exact composition of Kv1.1-containing oligomers. Several lines of evidence in the present study support the view that k-DTx-sensitive Kv1.1 oligomers are composed of Kv1.1 and Kv1.2 subunits. First, the low sensitivity of I Kmech for TEA (IC 50 $3 mM) matches that of Kv1.1-Kv1.2 concatamers in expression systems (Sokolov et al., 2007) . Second, Aam-KTx, kM-RIII Conotoxin, and CTx reduced I Kmech by 20%-25%, which would be expected from the presence Kv1.2 subunits in Kv1.1 heteromers. Third, the insensitivity to the conopeptide Y-P1 suggests involvement of Kv1.1/Kv1.2 rather than Kv1.1/Kv1.6 heteromers. Finally, Kv1.2 was detected in immunopurified Kv1.1 channel complexes from DRGs, and most, if not all, Kv1.1-positive neurons do detectably coexpress Kv1.2. All considered, it seems reasonable to conclude that I Kmech channels are likely to be composed of Kv1.1 and Kv1.2 subunits.
Mechanosusceptible Kv1.1 Mediates I Kmech
We showed that I Kmech can be evoked reversibly by different mechanical challenges, including piezo-electrically driven positive force, hypoosmotic shock, and patch membrane stretch. We provided evidence to suggest that homomeric mKv1.1 channels as well as heteromeric mKv1.1 channels are mechanosensitive in expression systems. Mechanical effects occurred under physiological forces (RÀ10 mm Hg) at both macroscopic and (C) Subthreshold current-clamp responses evoked by a mechanical stimulus of 3.5 mm in a large diameter mechanoreceptor coexpressing I R and I Kmech before and after exposure of k-DTx (50 nM, red trace). Note the slowing of the decay kinetics (arrow) of the subthreshold mechanical response in the presence of k-DTx. (D) Current-clamp responses evoked by a mechanical stimulus of 8.5 mm in a large diameter mechanoreceptor coexpressing I R and I Kmech before and after exposure of k-DTx (50 nM, red trace). Note that k-DTx increases the number of spikes at the stimulus onset. (E-G) Mechanical threshold for firing (E), subthreshold response decay time constants (F), and number of APs/500ms (G) in large diameter mechanoreceptors in the presence or absence of k-DTx (50 nM) (mean ± SEM). ns, not significant; *p < 0.05. See also Figure S6 . (2-3 mN) . ns, not significant.
(legend continued on next page)
Neuron Kv1.1 in Mechanosensation single-channel levels. Given the uncertainty of whether a MS channel may function normally outside of its native context, the present data suggest that mechanosensitivity of Kv1.1 subunits is a biophysical trait embedded within its a-subunit. This inference is substantiated by the observation that Kv1.1-containing channels in DRG neurons retain mechanosensitivity in excised patches, indicating little contribution of cytoskeletal elements to Kv1.1 mechanical sensitivity.
We found that the membrane's mechanical state exerts a prominent effect on voltage-dependent gating of Kv1.1 channels. I Kmech can be accounted for by a shift in the pore-opening equilibrium toward the open conformation. This resulted from a change in the voltage-dependence of the open probability and the maximum achievable open probability of Kv1.1 channels (see also Schmidt et al., 2012) . Membrane stretch therefore acts by facilitating voltage-dependent activation, favoring open conformation, consistent with the idea that membrane tension can substitute for depolarization.
How can we explain voltage-dependence being a function of the mechanical state of the membrane? It has been shown that interaction between the positively charged voltage sensor residues and negatively charged lipid phosphodiester groups, provides an appropriate environment for the energetic stability of the voltage-sensing machinery (Schmidt et al., 2006) . Therefore, we hypothesize that local membrane distortions induced by applied forces alter interaction between phospholipids and positively charged arginine residues located in the voltage sensor of Kv1.1. In essence, our hypothesis posits that mechanosusceptibility of Kv1.1 does not depend on a mechanical sensor that uses the energy of membrane tension to open the channel, as it is the case for genuine mechanotransducers (Coste et al., 2010; Gillespie and Mü ller, 2009 ), but instead makes the best use of the inherently stretch sensitive properties of the voltage sensor (Morris, 2011) . Thus, in the mechanical environment of sensory nerve endings, Kv1.1 channels might be routinely modulated by local forces, thereby subtly tuning mechanoelectric signal. Our data offer physiological supports to the mechanosusceptibility of voltage-dependent K + channels.
A Mechanism for Regulating Mechanical Perception
We found I Kmech to be expressed in a large assortment of mechanosensitive sensory neurons, divided into nociceptive and nonnociceptive classes based on electrophysiological grounds. A subpopulation of C-nociceptors was found to be critically dependent on the presence of I Kmech ; these were unresponsive to capsaicin and negative for TRPV1 and TH expression, indicating that they correspond to C-mechanonociceptors (see also Rasband et al., 2001 ). An important mechanoelectric property of C-HTMRs is that they express MS cation channels that belong primarily to the slow/ultraslowly adapting group of MS cation currents (Hao and Delmas, 2010) . Our in vitro experimental evidence indicates that this subset of nociceptive neurons is mechanically tuned by the respective expression of I uS and I Kmech whose respective excitatory and inhibitory influences modulate the net mechanical response. In cells with a balanced contribution of excitatory and inhibitory influences, activation of I Kmech shifts mechanical threshold for firing toward higher values and concurrently reduces duration of mechanically-induced AP discharges. Thus, the function of I Kmech in C-HTMRs may be to regulate generator potential by balancing the activity of MS excitatory channels ( Figure 9A ). Evidently, removal of I Kmech would relieve the inhibition in this functional assembly of MS channels and permit a more rapid charging of membrane capacitance toward the threshold for AP discharge. Translated to in vivo consideration, inhibition of I Kmech shifts the threshold for noxious mechanoperception to lower values ( Figures 9B and 9C ). k-DTx applied to the receptive field of C-HTMRs reduced by more than 3-fold mechanical threshold for initiation of discharges. Consistently, mceph +/À mice were found to be much more sensitive to light/noxious levels of mechanical stimulation than wild-type mice, and mice injected subcutaneously with k-DTx developed mechanical allodynia. All considered, the data are broadly consistent with the idea that removing I Kmech mechanical brake affects excitability of C-HTMRs and mechanical pain perception. Although other ion channels are likely to contribute as well, it is tempting to speculate that Kv1.1/I Kmech is a key determinant to the different mechanical sensitivities of C-HTMRs and C-LTMRs.
We also examined the role of I Kmech in large-diameter mechanoreceptors in vitro. We found that mechanical threshold properties of these mechanoreceptors were little affected by the presence I Kmech . The available evidence instead supports a model whereby I Kmech regulates temporal processing of mechanical stimulus. Because activation kinetics of I R is faster than that of (D) Mechanical thresholds of C-mechanoheat receptors measured before (control) and following k-DTx application (n = 6). C-mechanoheat receptors exhibited slow CV (0.2-0.45 m/s) and responses to capsaicin (1 mM). ns, not significant. (E) Representative nerve-skin recordings of a low threshold Ab-RAM. Left: control response of the Ab-RAM to a ramp-and-hold mechanical stimulation (100 mm, 1,000 mm/s) of its receptive field. Right: recording in the presence of k-DTx (50 nM), showing increase in firing activity at the On and Off responses of the Ab-RAM. (F) Mechanical thresholds of Ab-RAMs measured before (control) and after k-DTx application (n = 6). Ab-RAMs exhibited CV of 12-14 m/s. ns, not significant. (G) Firing frequency of the On responses of Ab-RAMs in the absence and presence of k-DTx (50 nM) (n = 9). Skin receptive field was stimulated using a ramp-andhold mechanical stimulus of 100 mm with a velocity 1,000 mm/s. *p < 0.05 (paired Student's t test). , and wild-type (C3HeB/FeJ and BALB/cByJ, respectively) mice. ns, not significant; **p < 0.01. (I) Mechanical withdrawal threshold (mean ± SEM) determined with von Frey filaments after subcutaneous injection of 20 ml of 0.9% NaCl (control) or k-DTx (50 nM) in wild-type (C3HeB/FeJ) mice at two different times postinjection (60 and 90 min). Mechanical thresholds were normalized to those determined before injection. ***p < 0.001. Note that identical results were obtained in mice with C57BL/6 (n = 16) or BALB/cByJ (n = 8) genetic background. (J) Mechanical withdrawal threshold (mean ± SEM) determined with von Frey filaments after subcutaneous injection of 20 ml of 0.9% NaCl (control) or k-DTx (50 nM) in Kv1.1 À/À mice at two different times postinjection (60 and 90 min). Mechanical thresholds were normalized to those determined before injection. ns, not significant. See also Figures S7 and S8 .
Neuron
Kv1.1 in Mechanosensation I Kmech , over the course of the mechanical upstroke I Kmech activated to a lesser extend than I R , causing little distortion in the peak amplitude of the generator potential ( Figures 9A-9C) . Thus, I Kmech would not impede detection, maintaining high sensitivity of the mechanoreceptor. However, I Kmech regulates the temporal precision of AP generation by regulating the maximum firing frequency and the time taken to reach this maximum firing frequency. This property may be important in coding relevant information about the stimulus (Johansson and Birznieks, 2004; Saal et al., 2009) . Although observed herein in DRG neurons, these dynamic features may be consistent with the proposed role of Kv1.1 in CNS neurons where such channels are for shaping temporal fidelity (Gittelman and Tempel, 2006) . In conclusion, our study has revealed an unexpected function of Kv1.1 channels in mechanosensation. Functional connection between mechanosusceptible Kv1.1 and excitatory mechanotransducer channels is essential for a fine perception of mechanical information. Depending on the dynamic features of MS excitatory current complements, I Kmech may serve to provide fine control of mechanical threshold and temporal adaptation in mechanoreceptors. Dynamic downregulation of Kv1.1 in pathological conditions such as inflammation and nerve injury will make animals hypersensitive to mechanical stimuli. These considerations are of course very important in the search for new analgesic drugs.
EXPERIMENTAL PROCEDURES Cell Cultures
Mice (males C57BL/6, BALB/c, C3HeB/FeJ) were anesthetized with halothane and killed by severing of the carotid arteries in accordance with the Guide for the Care and Use of Laboratory Animals. Cultures of DRG neurons were established from thoracolumbar DRGs as described previously (Coste et al., 2004 Hao and Delmas, 2010) . HEK293T cells were cultured as in Giamarchi et al. (2010) .
Whole-Cell Patch-Clamp Recording Patch clamp recordings were made as described (Hao and Delmas, 2010 The standard external solution consisted of (mM): 132 NaCl, 1 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 10 HEPES, and 10 D-glucose (adjusted to pH 7.3 with NaOH, 300 mOsm/l). The Ca 2+ -free external solution consisted of (mM): 132 NaCl, 1 KCl, 5 MgCl 2 , 10 HEPES, and 10 D-glucose (adjusted to pH 7.3 with NaOH, 300 mOsm/l). Drug preparation and hypo/hypertonic solutions are described in the Supplemental Experimental Procedures.
Mechanical Stimulation and Pressure Clamp
Mechanical stimulation using piezoelectrically driven mechanical probe has been detailed elsewhere Delmas, 2010, 2011) . For patch membrane pressure clamp (ALA HSPC-1 device), extracellular solution consisted of (mM): 147 KCl, 1 MgCl 2 , 0.1 CaCl 2 , 10 HEPES, and 10 D-glucose (adjusted to pH 7.3 with KOH, 300 mOsm/l). Cell-attached patch pipettes of 5-7 MU were filled with (mM): 132 NaCl, 3 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 10 HEPES, and 10 D-glucose (adjusted to pH 7.3 with NaOH). For outside-out configuration, patch pipette solution consisted of (mM): 132 KCl, 3 NaCl, 1 MgCl 2 , 2 CaCl 2 , 10 EGTA, and 10 HEPES (adjusted to pH 7.3 with NaOH).
Data Analysis
Current-stimulus I(X) curves were fitted using a Boltzmann function as follows: I/I max = 1/(1 + exp[(Stim 50 À Stim)/k]), where I/I max is the normalized current, Stim 50 is the stimulus of half-maximum channel activation, and k is the steepness factor. Activation curve was fitted using a Boltzmann function of the form G/G max = 1/(1 + exp[(V 1/2 À V)/k]), where G/G max is the normalized conductance, V 1/2 is the potential of half-maximum channel activation, and k is the steepness factor. Results are presented as mean ± SEM, and n represents the number of cells examined.
Immunohistochemistry, Immunoblotting, and Immunoprecipitation
Immunochemistry techniques were as in Padilla et al. (2007) and Giamarchi et al. (2010) and detailed in Supplemental Experimental Procedures.
Ex Vivo Skin Nerve Preparation
Ex vivo skin nerve preparation of 2-to 3-month-old mice were performed with dorsal hairy skin and the saphenous nerve (Noë l et al., 2009) as detailed in Supplemental Experimental Procedures. For mechanical stimulation of A fibers, calibrated ramp and hold stimuli of 5 s duration were pushed on the Figure 9 . Contribution of I Kmech to Mechanical Responses (A) Mechanotransducer ion channel complements in C-HTMRs and lowthreshold Ab-RAMs. Mechanical stimuli evoke I uS and I R in C-HTMRs and lowthreshold Ab-RAMs, respectively, along with I Kmech . Due to different kinetics properties of these MS ion channel complements, the net (total) MS currents display distinct electrical signatures (red traces) in C-HTMRs and lowthreshold Ab-RAMs. (B) Shown are receptor, or generator, potentials produced by the net mechanotransducer currents in C-HTMRs and low-threshold Ab-RAMs. The different traces are obtained for I Cat (I uS and I R )/I Kmech ratios of 4, 3, 2, and 1 (from top to bottom). Increasing I Kmech in C-HTMRs reduces membrane depolarization to a level insufficient for AP generation (dashed lines), whereas it speeds up membrane repolarization in low-threshold Ab-RAMs. (C) I Kmech increases mechanical threshold for firing in C-HTMRs and modulates firing frequency and temporal precision in low-threshold Ab-RAMs.
receptive field with a cylindrical probe, 2 mm diameter, mounted on a micromanipulator system MP-285 Sutter instrument. The probe vertical displacement was 1,000 mm/s.
Behavioral Assays
The animals were handled in compliance with European Communities Council Directive 86/609 for the care of laboratory animals and ethical guidelines for research in experimental pain with conscious animals. All procedures were approved by our Center animal care committee. Behavioral tests are detailed in Supplemental Experimental Procedures.
Statistics
All data were tested for normality (Kolmogorov-Smirnov test) 
